The influence of a shift in temperature from 20 to 32°C on extracellular proteinase synthesis by Pseudomonas fluorescens B52 was examined. When cells actively synthesizing proteinase at 20°C were shifted to 32°C, enzyme synthesis ceased immediately. After 30 min at 32°C, cells recovered at 20°C after a lag of 30 min. Rifampin and chloramphenicol prevented recovery of synthesis at 20°C. Rifampin-insensitive proteinase synthesis (an indirect measure of proteinase-specific mRNA pools) decreased after the exposure of cells to 32°C for 30 min but was recovered during incubation at 20°C. Controls not exposed to a temperature shift experienced no loss of rifampin-independent synthesis. Cells experienced a 50% reduction in mRNA pools after 15 min at 32°C. The data support the working hypothesis that the loss of mRNA pools after treatment at 32°C is responsible for the lag before the recovery of extracellular proteinase synthesis.
Heat-stable extracellular proteinases are produced by psychrotrophic microorganisms, usually Pseudomonas spp., growing in raw milk supplies. These enzymes are able to resist the heat treatments used for processing of raw milk and have thus been implicated in the spoilage of ultra-hightemperature milk and other dairy products (3, 11) . Cousin (3) has recently reviewed the subject of psychrotrophic enzymes and has pointed out that information on the factors influencing the synthesis of extracellular enzymes is lacking.
Few studies have been concerned with the effect of elevated temperature on Pseudomonas fluorescens. Gray and co-workers (5, 6) demonstrated that heating at 36°C for 2 h resulted in nonspecific damage to rRNA, leakage of cellular components, and the development of sensitivity to dilution in 0.1% (wt/vol) peptone in water. Several authors have noted that extracellular enzyme synthesis by P. fluorescens is reduced at temperatures near the maximum growth temperature (8, 9, 12, 17) . Sensitivity of enzyme synthesis to elevated temperatures is also a property shared by marine psychrotrophs (10, 16) and microorganisms associated with animal hides (4, 7) .
In a previous report from our laboratory (14) , the role of calcium in extracellular proteinase synthesis by P. fluorescens B52 was investigated by using a resting cell suspension which could produce enzyme continuously for up to 5 h. In the present study, we utilized this system to investigate the response of extracellular proteinase synthesis to temperature shifts. were collected by centrifugation at 5,000 x g for 10 min and washed with 50 ml of 50 mM N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (Sigma Chemical Co., St. Louis, Mo.) buffer (pH 7.0). The cell pellet was suspended in the pyruvate-mineral salts medium to give an optical density at 600 nm of 10. Ten-milliliter volumes of cell suspension were shaken at 200 rpm in 250-ml flasks at the indicated temperature. Temperature shifts were performed, and rifampin (Sigma) or chloramphenicol (Sigma) was added to 100 ,ug/ml as indicated. At intervals, 0.5-ml samples were removed and centrifuged at 12,000 x g for 3 min. Cell-free culture fluid was analyzed for proteinase activity.
Proteinase activity was determined by the hide powder azure (HPA) method of McKellar and Cholette (13 thesis is impaired at a temperature which still permits growth. When resting cell suspensions which had been producing proteinase for 1 h were shifted from 20 to 32°C, proteinase synthesis ceased immediately; 30 min after temperature shift, suspensions possessing 7 HPA units of activity showed no increase, whereas replicate suspensions at 20°C increased from 7 to 13 HPA units within the same time period.
A resting cell suspension which had been producing enzyme for 1 h at 20°C was exposed to 32°C for 30 min and then returned to 20°C (referred to as "temperature shift treatment"). The ability of cells to produce proteinase at 20°C after the temperature shift treatment was inhibited, and a lag of 30 min was required for the resumption of synthesis (Fig. 1) . RNA synthesis was required for the recovery of proteinase production at 20°C; rifampin, an inhibitor of transcription, effectively blocked proteinase production when added after the temperature shift treatment (Fig. 1) .
Chloramphenicol, a translation inhibitor, was also effective in preventing recovery when added after the temperature shift treatment (Fig. 1) . This suggests that de novo protein synthesis is required for the recovery of enzyme production. The requirement for de novo protein synthesis and the absence of an immediate release of proteinase after shift-down to 20°C (Fig. 1) suggest that cells do not accumulate intracellular proteinase at 32°C.
Since the ability of cells to grow at 32°C was impaired, it is possible that brief exposure to this temperature during the temperature shift treatment was sufficient to have some Table 2 ), indicating that the temperature shift treatment had a specific effect on extracellular enzyme synthesis.
The existence of a lag before the recovery of proteinase synthesis and the ability of rifampin to block recovery suggests that the temperature shift treatment may have had some effect on mRNA pools. Boethling (1) Resting cell suspensions which had been allowed to produce proteinase at 20°C for 1 h were exposed to 32°C for 30 min and then allowed to recover at 20°C in the presence of rifampin (A) or chloramphenicol (-) at 100 pLg/ml or without addition (0) and compared with untreated controls (0).
FIG. 2.
Effect of rifampin addition at various times on recovery of proteinase production after temperature shift treatment. Resting cell suspensions which had been allowed to produce proteinase at 20°C for 1 h were exposed to 32°C for 30 min and then allowed to recover at 20°C. Rifampin (100 pg/ml) was added at 0 (0), 30 (0), 60 (Li1), and 90 (U) min after the shift back to 20°C. Controls were run without rifampin (A). The total proteinase synthesized after rifampin addition is plotted against the time of addition in the inset. Pseuidomonas aerluginosa and O'Connor et al. (15) working with Bacilluis megateril(m noted that extracellular proteinase synthesis continued for up to 30 min in the presence of rifampin; they suggested that this rifampin-insensitive synthesis may reflect the size of the mRNA pool. Previous work from our laboratory (14) has also demonstrated rifampininsensitive proteinase synthesis in P. fliuorescens.
Rifampin-insensitive proteinase production was determined in cells recovering at 20°C after receiving the temperature shift treatment. Rifampin was added to replicate flasks at 30-min intervals, and the total rifampin-insensitive proteinase synthesis was determined. When rifampin was added immediately after the shift-down to 20°C, synthesis was completely blocked; however, when cells were allowed to recover before the addition of the antibiotic, some synthesis in the presence of rifampin was noted (Fig. 2) . When this rifampin-insensitive proteinase synthesis was plotted against the time of addition (Fig. 2, inset) , mRNA pools increased at roughly a linear rate over the first 90 min of the recovery period.
Rifampin was also added to control cells which had not received the temperature shift treatment. Extensive proteinase synthesis was observed in the presence of rifampin irrespective of the time of addition of the antibiotic (Fig. 3) . A plot of rifampin-insensitive proteinase synthesis against the time of rifampin addition (Fig. 3, inset) shows that, over the experimental period, cells at 20°C maintained the proteinase-specific mRNA pool at a constant level.
The kinetics of mRNA depletion at 32°C was also examined. Resting cell suspensions were exposed to 320C for various times, rifampin was added, and proteinase synthesis was determined after 1 h at 20°C. Incubation of cells at 32°C for as little as 5 min resulted in a marked decrease in the mRNA pool (Table 3) . mRNA decreased by 50% in 15 min, with approximately 22% of rifampin-insensitive proteinasesynthesizing ability remaining after 30 min.
The data presented here support the hypothesis that elevated temperature has a specific effect on P. flluorescens extracellular proteinase synthesis. Other workers have also shown that the synthesis of extracellular proteinase by Vibrio alginol'tica (7) and B. megateriium (2) was specifically inhibited by temperature. Our preliminary indirect evidence suggests that, in P. fluorescens, the extracellular proteinase-specific mRNA pool is depleted upon exposure of cells to 32°C and that a lag in recovery of the ability to synthesize proteinase at 20°C is associated with an increase in mRNA synthesis. O'Connor et al. (15) have used measurements of rifampin-insensitive proteinase synthesis to show that the recovery of extracellular proteinase synthesis by B. acmyloliqluefac iens after release from catabolite repression is related to an increase in mRNA pools.
The data also suggest that other sites in the proteinasesynthesizing mechanism may be inhibited by incubation at 32°C. Cell suspensions failed to produce any proteinase at 32°C, in spite of the observation that mRNA pools are not immediately depleted at this temperature. These findings suggest that translation may be reversibly inhibited by treatment at 32°C. LITERATURE CITED
